Modified Chaplygin Gas has been successful in describing the cosmic history of the universe from radiation to ΛCDM in standard cosmology, while particle creation mechanism in nonlinear thermodynamics can be used to explain inflation as well as late time acceleration. The present work is an attempt to explore the possibilities of obtaining an alternative explanations to cosmic evolution when modified Chaplygin gas is used in the context of particle creation mechanism.
INTRODUCTION
The relativistic second order thermodynamic theories of Muller [1] , Israel and Stewart [2] - [4] and Pavon et. al. [5] , [6] play crucial role in describing the evolution of the Universe as a sequence of dissipative processes. The theory proposes that deviations from equilibrium described by bulk stress, heat flow and shear stress can be treated as independent dynamical variables bounded by average molecular speed thereby ensuring causality. In a homogeneous and isotropic FRW universe the bulk viscous pressure is the only possible mechanism for dissipative processes. The bulk viscous pressure can be attributed to particle number changing processes in an expanding universe [7] - [14] or it might due to coupling of the different components of the cosmic fluids [15] - [19] . Particle creation mechanism driving bulk viscous pressure has been extensively used to describe the dynamics and evolution of the early universe including early inflation and current accelerated expansion [20] . Particle creation has also been related to emergent universe [21] .
In the present work we shall consider the cosmological implications of bulk viscous pressure due to particle creation mechanism in a universe with matter described by the Modified Chaplygin gas (MCG). Thermodynamically we shall concentrate on an isentropic universe, i.e. we shall envisage the universe as an open thermodynamic system, where entropy per particle under the mechanism of particle creation is constant [11, 12] , although there will be entropy creation due to particle creation driven phase space change. The viscous effects shall be described by the truncated Muller-Israel-Stewart (MIS) type theory.
The reason for considering Modified Chaplygin Gas (MCG) as the cosmic fluid is that it provides a unified Dark Matter-Dark energy manifestations in a single fluid. MCG is an exotic fluid with EoS
This EoS show that MCG can accommodate a radiation dominated universe for A = 1/3 at high density to one with negative pressure at low density for the current accelerating universe [22, 23] . For α = −1, B = 1 + A one can get the ΛCDM universe, while for B = 0, the EoS describes a perfect fluid, i.e. a quintessence model. Several works on MCG has established its consistency as a cosmic fluid [24] [25] [26] [27] [28] . Using a FRW model of the universe with viscous effects described by the MIS theory in an isentropic universe with particle creation, we shall find expressions for the Hubble parameter in terms of particle creation rate. Corresponding relevant cosmological parameters like the scale factor, deceleration parameter and energy density are evaluated along with basic thermodynamic variables like fluid temperature T and particle number density n in terms of the particle creation rate. Using a single phenomenological choice of the particle creation rate we shall then show a unified cosmic evolution starting from early accelerated expansion to a late time accelerated one. Further we could successfully connect the particle creation rate, in MCG to an increasing entropy in the de-Sitter phase. Finally we shall relate the particle creation mechanism to Hawking radiation [38] .
The paper is organised as follows: Section 2 deals with basic conditions for bulk viscous cosmology related to particle creation mechanism. Bulk viscous FRW universe with MCG has been presented in section 3. Section 4 shows a comparison of the present result for specific choices of the particle creation rate with recent observations. Section 5 shows the scalar field description corresponding to Model 3. The entropy production for the present context has been derived in section 6. Section 7 describes interrelation between particle creation process with Hawking radiation. Finally the paper ends with a brief discussion in section 8.
BULK VISCOUS UNIVERSE WITH PARTICLE CREATION: NON EQUILIBRIUM M-I-S TYPE THERMODYNAMIC THEORY
The energy momentum tensor of a relativistic fluid with bulk viscosity as the only dissipative phenomenon is given by
where u µ is the 4 velocity, ρ is the energy density, p is the thermodynamic pressure and Π is the bulk viscous pressure. Considering the second order non equilibrium thermodynamics, the entropy flow vector S µ is characterised by the equation [3] 
where N µ = nu µ is the particle flow vector with n being the particle number density, s, the entropy per particle, τ is the relaxation time, T is the temperature of the fluid and ζ is the coefficient of bulk viscosity. Now we consider a scenario where the non vanishing bulk viscous pressure is due to a change in fluid number density, which is characterised by the particle production rate Γ =Ṅ N , N = na 3 being the number of particles in co-moving volume a 3 . For Γ > 0 we get particle creation while Γ < 0 usually means particle annihilation. The varying particle number density will cause a change of phase creating a entropy production density which will be given by: 
Thus any deviation from equilibrium is characterized by the bulk viscous pressure Π in the presence of particle creation Γ, further the above equation asserts the existence of a single causal theory even with particle creation processes taken into account. Given the existence of particle creation Γ, the conservation equations are modified as
which givesṅ
Comparing equations (7) and (8) with the Gibb's relation
one can get
Considering that the pressure p and density ρ are related to the thermodynamic variables n and T by the equations p = p(n, T ) and ρ = ρ(n, T ) and using the conservation equations (7) and (8) together with ∂ρ ∂n = p + ρ n − T n dp dT (11) one can obtain the temperature evolution equation aṡ
Alternatively using (10) the above relation can be written aṡ
Thus it is easily observed that particle production affects the temperature with an effective viscous pressure Π together with a direct coupling. Considering isentropic particle production characterised by constant entropyṡ = 0 the viscous pressure can be obtained directly in terms of particle production rate as
From the above we can get a cosmic fluid characterised by changing particle number density. Also the variation of the fluid temperature is now given byṪ
Further from (7) for isentropic particle production the evolution of n is given bẏ
BULK VISCOUS FRW UNIVERSE WITH MCG AS COSMIC FLUID
We consider a spatially flat FRW model of the homogeneous universe as an open thermodynamic system with metric
Since we shall consider the above metric in the context of non-equilibrium thermodynamics driven by particle creation mechanism, the corresponding cosmic fluid with dissipation Π will have the field equations given by
with H the Hubble parameter and κ = 8πG is the Einstein's gravitation constant. Considering MCG as the cosmic fluid with EoS given by (1) together with (8) one can obtain the energy density of the fluid as
with µ = (A + 1)(α + 1) and C the constant of integration. Then using (18) above the Hubble parameter is obtained as (choosing κ = 1)
Also using (15) and (16) the thermodynamic variables T and n can be obtained as
and
where n c , T c are constants of integration.
Equations (19)- (23) clearly show that the relevant dynamical and thermodynamic parameters all vary as the particle creation rate Γ. Thus we need specific choices of Γ to trace the history of the cosmic evolution. In the absence of any known form of the particle creation parameter we make three phenomenological choices of the particle creation indicator Γ. First two being functions of the scale factor a, while the third being a function of the Hubble parameter H.
where β is some positive constant and m is any real number ( = −1). Model 1 and 2 are phenomenological choices based on the scale factor a. (Recently a similar form as Model 1 was considered in [29] to describe Phantom behaviour through particle creation). In a universe dominated by bulk viscosity with perfect fluid, it is usually found that particle creation rate is proportional to the energy density [30] . Thus one can at least speculate that an universe dominated by bulk viscosity in the presence of an exotic fluid, like MCG, the particle creation rate will have some functional dependence on the energy density, hence we chose Model 3 as a function of the Hubble parameter H. It is known that in a simplified model of the homogeneous and isotropic universe the dynamical variable is the scale factor a(t), quantities that determine the time dependence of a(t) must also determine the aspects of universe's evolution. Taylor series expansion of a(t) about present time reveals two such important terms as the Hubble parameter H and the deceleration parameter q. The deceleration parameter is the first non linear correction of the expansion and is indicative of cosmic expansion. Essentially expansion rate of the universe is given by the Hubble parameter, such that a H > 0 indicates an expanding universe while q will indicate the time dependence of H, such that an accelerating universe will have q < 0 and decelerating universe will have q > 0. Hence corresponding to the above three phenomenological anasatze we shall consider the dynamic and thermal evolution of the universe by tracing the evolution of the parameters like the Hubble parameter H, deceleration parameter q, the energy density ρ, particle number density n and fluid temperature T.
Using the expression for Γ as given above in the equations (19)- (23) we obtain the following expressions for ρ, H, q, n and T
The above physical quantities are graphically evaluated using the following values of the parameters A = 1 3 , B = 3.5, α = 0.5, β = 0.12 and C = 2 [26, 31] .
As before we can obtain the following expressions for ρ, H, q, n and T corresponding to the above Γ as
(32)
The above physical parameters are graphically presented in Fig 2 for m = −2 and using the previous values for the parameters A, B, and α, while β = 0.08 and C = 1.
FIG. 2:
The qualitative evolution of ρ, H, q, n, T for Γ = 3βH(1 + a m+1 )
3.3. Model 3: Γ = 3βH
As before we can obtain the following expressions for ρ, H, q, n and T corresponding to the above Γ
where
The above physical parameters are graphically presented in Fig 3 using the previous values for the parameters A, B, and α, β while a 0 = 0.3.
DATA COMPARISON
The Hubble parameter gives the expansion rate of the universe, and its time dependence can be measured using the deceleration parameter q(t). In order to understand the kinematics of the cosmological evolution we consider a Taylor series expansion of the scale factor about the present time t 0 is given by
where H 0 , q 0 , j 0 , s 0 , l 0 are higher order derivatives of the scale factor considered at the present time and are more commonly known as the cosmographic Hubble, deceleration, jerk, snap and lerk functions respectively [32] . Considering that the scale factor a(t) is related to the redshift z by the relation a(t0) a(t) = 1 + z one can obtain the deceleration parameter q(z) as a power series in z as [33] q(z) = q 0 + (−q 0 − 2q
Using the above expression for q we have plotted the deceleration parameter corresponding to six data sets in Fig  4. Data 1 corresponds to 192 SN 1A and 69 GRB's with CPL parametrizations [34] , Data 2 corresponds to the same data set with linear parametrizations [34] and Data 3 corresponds to Union2+BAO+OHD+GRB's data [35] for low red shift range. Data 4 corresponds to most recent high red-shift BAO data [36] , while Data 5 and Data 6 correspond to high red-shifts data from Union 2.1 compilation of SN 1a data with BAO and H(z) data, and SN 1a+GRB's+BAO data respectively [37] . (It may be noted that for data sets 4, 5 and 6 only first order terms were used because s 0 values were not constrained well in the literatures cited). Parameters used in the models are A = 1/3, B = 3.4, α = 0.5, C = 2, β = 0.1 and m = −2.
From the left figure of Fig. 4 we can see that our model fits well with both Data 2 and Data 3, while from the right figure of Fig. 4 it is evident that our model accurately matched the data 4, 5 and 6 in the region .5 ≤ a ≤ .8 with third model providing the best match.
FIELD THEORETIC DESCRIPTION
In this section we shall address the process from the field theoretic view point. With the help of Model 3 we shall show the whole dynamical process as a evolution of scalar field φ having self interacting potential V (φ). We know that in terms of the scalar field, the energy density and thermodynamic pressure of the cosmic fluid is given by:
Now using the isentropic condition (14) together with the particle creation rate as used in Model 3 and the corresponding expression for Hubble parameter as given by (35) we can obtain
where F is the incomplete Elliptic integral of the first kind [40] and m = B/3 α+1 y0/β . Here scalar field φ always has a value greater than φ s . Consequently
where sn −1 is the equivalent inverse Jacobian Elliptic function. Now from (41) we know 2V (φ) = ρ−p−Π, substituting the values of ρ, p, Π in terms of the Hubble parameter H as obtained in model 3, we get:
as the modified scalar field, the corresponding modified field potential 2V (φ) = V(ψ) is given by:
where δ = 1 1+α . Thus, the potential is essentially a linear combination of different powers of the modified scalar field ψ. Choosing α = 0.5 one can obtain
From the above relations the particle creation rate Γ takes the form Γ = 3β y 0 (A + 1)ψ
.
(47)
Hence we obtain a continuous description of the scalar field evolution and corresponding potential for different cosmological epochs, establishing the correlation between scalar field and fluid evolution. For models 1 and 2 however, it is difficult to obtain explicit analytic expressions for φ and V (φ). They are thus solved by numerical methods and the corresponding scalar field evolution has been represented graphically in Figure  5 . The leftmost figure corresponds to model 1, the middle to model 2 and the right most to model 3.
FIG. 4:
The graphical representation of V (φ) versus φ for the three models considered with parameter values same as figures 1, 2 and 3.
ENTROPY PRODUCTION
Eliminating Π from (10) and using (7) and (14) we obtain the rate of change of entropy per particle as
after some algebraic manipulations which gives
Also from (12) using (7) together with Π = −ρ γ +
one can obtain
where u and v are the ratios, given by u = 
For the inflationary phase with ρ = ρ i and H = H i the above expression forṡ simplifies tȯ
. Using these in (53) one obtainṡ
Integrating the above we get
From the above we find that s has an additional dependence on the particle creation rate Γ. Further one can find that the change of entropy in comoving volume given by E = sna 3 using MCG as matter is similar to that obtained in [14] with normal matter with bulk viscosity driven by particle creation. Using above result we can write an explicit expression for E as
which clearly shows that for Γ = 0 there is an exponential increase of comoving entropy in MCG in the de Sitter phase. Thus we can safely commit that with MCG as cosmic fluid, the results above are in complete agreement to the results obtained in [14] corresponding to the normal fluid, and further we assert that the viscous pressure Π is connected to an increasing particle number rather than with changing entropy per particle.
INTERRELATION BETWEEN PARTICLE CREATION WITH MCG AND HAWKING RADIATION
In the previous sections it is found that the dissipative phenomenon in the cosmic substratum leads to nonequilibrium thermodynamics with particle creation mechanism. Further the dissipative effect is only in the form of effective bulk viscous pressure due to homogeneity and isotropic nature of space-time. The present section is an attempt to show some inner relationship between particle creation rate and Hawking temperature.
In the context of universal thermodynamics, the process of Hawking radiation is just the opposite to black hole (BH) evaporation. The particles created just outside the event horizon in the BH evaporation escape outside towards asymptotic infinity, but in universal thermodynamics the created particles near the trapping horizon move inside the horizon. Also this flow of particles will be uniform in all directions due to the isotropic nature of space-time. Further at the beginning, the BH evaporation process is very slow, subsequently with the decrease of the BH size, the process becomes faster and faster, so that the temperature becomes larger and larger until quantum gravity effects become important due to the plank size of the BH. In universal thermodynamics, on the other hand, the universe at the beginning is of the Planck size and quantum gravity effects are important, then gradually with the expansion of the universe Hawking radiation comes into effect and the temperature gradually decreases.
There is another basic difference between the two processes namely, due to Hawking radiation in the context of BH there is a loss of energy and hence it is termed as BH evaporation, while due to Hawking radiation in universal thermodynamics, the universe gains energy and hence it should be referred as Hawking condensation. It is reasonable to assume that the Hawking radiation follows the Stephen-Boltzman radiation law [38, 39] .
where σ = 
one getsρ
where A H and V H are respectively the area and volume bounded by the horizon. The non-zero r.h.s. of the above equation gives some dissipation due to Hawking radiation. Thus comparing with energy-momentum conservation relation (8) , the effective bulk viscous pressure is given by
Further using the relation(14) for isentropic process the particle creation rate is given by
Now using the value of T, the Hawking temperature, as given above, we have
Hence for large H, Γ ∝ H 3 . Since in the early phase of the evolution of the universe the MCG behaves as perfect fluid (with constant equation of state p = Aρ) we have
i.e. H ∼ H 0 for a ≪ a 0 while H ∼ a
for a ≫ a 0 . Thus one obtains the usual exponential expansion at the early phase and subsequently, the evolution follows the standard cosmology. On the other hand when H is small (i.e. at the late phase of evolution) then instead of particle creation there will be particle annihilation and Γ ∝ H 2α+5 . This is not a physically realistic situation and hence Hawking type radiation is not possible at later phase of evolution.
DISCUSSIONS
In the above sections MCG model is considered as a candidate for describing cosmic evolution with dissipation in the form of bulk viscosity due to the mechanism of particle creation. For three different choices for the particle creation rate (as a function of Hubble parameter and scale factor) it is possible to show a complete cosmic scenario from inflation to present late time acceleration. Also the thermodynamic parameters namely density, temperature and particle number density are presented both analytically and graphically. The deceleration for the three models are compared with different observed results and it is found that the present models match with observed results for different ranges of the red shift parameter (or the scale factor). One of the three models (Model 3) has been shown equivalent to a a scalar field, with self interacting potential description. Analytic expression for the scalar field and the potential function has also been evaluated. Considering the particle creation mechanism in the context of non equilibrium thermodynamic prescription, the entropy production in the cosmic volume has been evaluated for the MCG model. We could show that in the radiation era, corresponding to high density the comoving entropy will have an exponential increase that is proportional to the particle creation rate Γ. Finally an attempt has been made to find an analogy of the present model in Hawking radiation. Thus we can conclude that with MCG as cosmic fluid it is possible to obtain a continuous cosmic scenario in the presence of bulk viscosity due to particle creation. Unlike the cosmic scenario in the presence of a perfect fluid, that requires different particle creation parameters for different cosmic era [20] , a cosmic scenario in the presence of MGC could be described by a single continuous choice of the particle create rate Γ. It is only natural if one considers that MCG can as such accommodate an universe starting with inflationary scenario to the current accelerating one, while particle creation effects can explain both inflationary and late time acceleration of the universe. We also note that using equations (1) and (19) it is possible to evaluate the effective equation of state parameter ω ef f = ρ+p+Π ρ for the models 1, 2 and 3 in terms of the scale factor a. Defining constraints between the free parameters it is possible to obtain a qualitative behaviour of of ω ef f w.r.t. the scale factor. Figure 6 is the corresponding graphical representation. The figures show that at a very early time, our models can have an effective equation of state parameter ω ef f = −1 thus describing an accelerated expansion, while at the present time one can obtain an effective equation of state having phantom attributes.
In conclusion we state that the present work successfully describes the cosmic evolution using a single continuous particle creation model in Modified Chaplygin gas, incorporating the early and late time accelerated expansion of the universe. It remains to be seen whether such continuous models can describe in details the inflationary cosmology successfully, and can be considered as a future work. , B = 3.34, α = 0.5, β = .2, 1.2, .08 respectively for Models 1, 2, 3.
ACKNOWLEDGMENTS
SB acknowledges UGC's Faculty Recharge Programme. SC thanks IUCAA, Pune, India, for their warm hospitality while working on this project.
